Introduction
In recent years both scientific and industrial communities have shown growing interest in transparent and flexible nanostructures, which exhibit great potential in flexible electronic devices, such as roll-up displays, handheld portable devices, and wearable electronics [1] [2] [3] [4] [5] . Flexible sensors capable of monitoring physiological and biomechanical signals from the human body are particularly important for life science, and can pave the way for the design of body sensor networks (BSN) for personalized healthcare [6] [7] [8] [9] . On the other hand, surface-enhanced Raman spectroscopy (SERS), distinguished by its noninvasive, non-labeling, fingerprinttype way of sensing, and ultrahigh sensitivity, has been considered one of the most promising sensing techniques for low-dose sensing applications [10] [11] [12] [13] . For these reasons, flexible architectures with superior SERS activity are expected to be integrated into future BSN, which will allow for real-time tracing of small changes in the human skin.
A prerequisite for the SERS are substrates with significant and reproducible electromagnetic field enhancement. The most-studied nanostructures as SERS substrates are coinage metal nanostructures, such as Au, Ag, and Cu, due to their intriguing behavior of focusing light at nanoscale, derived from their plasmonic resonances [14] [15] [16] [17] . The regions with enhanced electric fields were the so-called 'hot spots' that were responsible for the SERS activity of the nanostructures. To optimize the SERS performance, the plasmon wavelengths of the metal nanostructures should usually be tuned in resonance with the incidence light, whereby both the excitation and the Raman scattering processes can experience strong electric field enhancement due to the small Stokes shift [18] [19] [20] . However, the plasmonic properties of the metal nanostructures are usually fixed once they have been prepared. Therefore one needs to carefully choose metal nanostructures with the proper geometries for different applications, which remains cumbersome for the integration of SERS substrates. In this regard, a substrate of facilely tunable plasmonic resonances within a single batch of metal nanostructures will greatly benefit the design and fabrication of SERS substrates.
Here we propose a facilely fabricated and highly stretchable hybrid platform as an efficient SERS substrate with tunable plasmon wavelengths. The substrate was obtained by uniformly conjugating (Au core)−(Ag shell) nanorods onto the surface of the PDMS elastomer. Note that similar stretchable plasmonic substrates based on metal nanocrystal-modified PDMS have been demonstrated before [21] [22] [23] . For example, Chumanov et al have proposed a novel technique for embedding metal nanoparticles into a freestanding PDMS film, whereby efficient and reliable stretchable plasmonic substrates can be obtained [22, 23] . Although these substrates all show interesting plasmonic resonance properties as well as SERS activity, most of them employed single-element nanocrystals with spherical shapes. In addition, the tunability of the plasmonic properties of the stretchable substrates remains mostly unexplored. In our study we instead chose elongated nanostructures composed of Au nanorods coated with Ag shells. In comparison to their spherical counterparts, the nanorods usually exhibit synthetically tunable plasmon resonances in a wider wavelength range with much stronger electric field enhancements. In addition, incorporation of the Ag shell can further enhance the electric fields nearby [24, 25] . Both of these merits can greatly improve the SERS performance of the hybrid structures. In our study, the density of the (Au core)-(Ag shell) nanorods on the PDMS were controlled to give well-defined plasmon resonances. The hybrid substrates were shown to exhibit outstanding SERS activity, with a demonstrated Raman enhancement factor up to 5.7×10 7 using 4-methylbenzenethiol (4-MBT) molecules as the probe molecules. Most interestingly, by virtue of the excellent elastic properties of the PDMS, we showed that the plasmon resonances of the hybrid substrates could be reversibly tuned by applying and releasing external compression force on the PDMS. Such tunability was associated with the plasmon coupling between different nanorods due to the changes in their separations along with the compression or stretching of the PDMS. In this way, the plasmon peaks of the hybrid structure can be tailored to be in resonance with the incidence laser, further enhancing the Raman signal. In applications employing different excitation wavelengths, one can use the same piece of flexible SERS substrate by tuning its plasmon wavelength in resonance with the laser under simple compression. This is an advantage of the flexible SERS substrate in comparison with regular substrates. We strongly believe that the proposed hybrid structures can provide guidelines for the design and fabrication of flexible and tunable platforms for various surface-enhanced spectroscopies that will be widely utilized in future medical and biological sensing applications.
Methods
Hydrogen tetrachloroaurate (HAuCl 4 ·3H 2 O, 99.99%), silver nitrate (AgNO 3 , 99.99%), sodium borohydride (NaBH 4 , 99.99%), ascorbic acid (AA, 98%), octadecyltrimethoxysilane (OTS, 99.9%), 4-MBT (99%), and hexadecyl trimethyl ammonium chloride (CTAC, 99%) were purchased from Sigma-Aldrich (USA). Cetyltrimethylammonium bromide (CTAB, 99%) was obtained from Kermel (Tianjin, China). The ethanol and hydrochloric acid used were of analytical reagent grade. Deionized water was used throughout the experiments.
The Au nanorods were synthesized using the seedmediated method [26, 27] . Briefly, the seed solution was prepared by adding an aqueous HAuCl 4 solution (0.25 mL, 0.01 M) to a CTAB solution (9.75 mL, 0.1 M). Afterwards the solution was mixed by inversion. A freshly prepared, ice-cold aqueous NaBH 4 solution (0.6 mL, 0.1 M) was then added, followed by rapid inversion-mixing for 2 min The resulting CTAB-stabilized Au nanocrystal seed solution was kept at room temperature for 2-6 h before use. The growth solution was made by the sequential addition of HAuCl 4 (2.0 mL, 0.01 M), AgNO 3 (0.4 mL, 0.01 M), HCl (0.16 mL, 5 M), and AA (0.32 mL, 0.1 M) to the CTAB solution (40.0 mL, 0.1 M). To obtain the Au nanorods, 250 μL of the seed solution was then added to the growth solution. The whole mixture was left undisturbed at room temperature overnight.
The (Au core)−(Ag shell) nanorods were prepared according to our previously reported procedures [25] . Specifically, 2 mL of the as-prepared Au nanorod solution was centrifuged and redispersed into aqueous CTAC solutions (0.08 M) at the same volume. Subsequently, 240 μL of AgNO 3 (0.01 M) and 120 μL of AA (0.1 M) were added to induce the coating of the Ag shells. The resultant solutions were kept in an isothermal oven at 65°C for 4.5 h. The growth time of 4.5 h was used in all of the syntheses in order to make the reduction of AgNO 3 as complete as possible. core-shell nanorods with various plasmon wavelengths can be obtained by changing the amount of AgNO 3 and AA.
Functionalization of the SERS substrate with the 4-MBT molecules was performed by immersing the PDMS substrate conjugated with the (Au core)−(Ag shell) nanorods in an ethanol solution of 4-MBT (10 mM, 10 mL) and incubating for 8 h. The substrate was then taken out and washed thoroughly with copious amounts of ethanol and deionized water. The functionalized substrate was dried with N 2 flow before the Raman measurements.
The extinction spectra were recorded using two methods. For measuring the extinction spectra of colloidal samples and hybrid PDMS substrates with large areas, a SHIMADZU UV/visible/near-infrared spectrophotometer with an incidence spot size of 5 mm was utilized. For measuring the extinction spectra of the regions corresponding to the SERS characterizations on the hybrid PDMS substrate, a microspectrometer (CRAIC Technology) with an incidence spot size of 1-2 μm was employed. The corresponding collection zones of the conventional spectrophotometer and microspectrophotometer are ∼20 mm 2 and ∼3 μm 2 , respectively. The morphologies of the nanorods were characterized using a Tecnai™ G2 Spirit transmission electron microscope (TEM) operating at 120 kV. HAADF-STEM and EDX measurements were conducted on the same TEM with operating voltage of 300 kV. The Raman spectra were collected using a Renishaw inVia microRaman spectroscopy system with a 633 nm laser as excitation source. The laser beam was focused onto the samples through a 50× objective (NA=0.8), and the Raman signals were collected through the same objective in a back-scattering geometry. The laser power was kept at 0.17 mW. All of the spectra were obtained with an acquisition time of 10 s and by integrating for 3 times.
Results and discussion
Elongated metal nanorods usually exhibit two types of plasmon resonances, the transverse plasmon mode associated with electron oscillations along the diameter direction and the longitudinal mode due to electron oscillations along the length direction. The longitudinal plasmon modes are strongly dependent on the aspect ratios of the nanorods, the dielectric properties of the surrounding environment, and the compositions of the nanorods. In our study, the longitudinal plasmon wavelengths of the (Au core)−(Ag shell) nanorods can be controlled by tailoring the thicknesses of the Ag shells with different amounts of AgNO 3 and AA solutions using the same starting Au nanorods (figure S1(a), supporting information, available at stacks.iop.org/JOPT/17/114015/ mmedia). core-shell nanorods exhibited uniform size and shape distributions. The successful coating of the Ag shells can be seen from the merged elemental map shown in figure 1(e), which indicates that each Au nanorod was wrapped by a Ag shell. The average length, diameter, and aspect ratio of the pristine Au nanorods are 60±5 nm, 15±2 nm, and 4±0.5 nm, respectively. The thicknesses of the Ag shells were controlled by the amount of AgNO 3 (figures S1(b)−(e), supporting information). With more AgNO 3 added, the Ag shells will be enlarged. For the (Au core)−(Ag shell) nanorod samples represented by the red extinction curve shown in figure 1(a) , the mean thicknesses of the Ag shells at the sides and ends of the nanorods are 12.5±1 nm and 10.5±0.5 nm, respectively. Such nonuniform coating was due to the anisotropic growth of the Ag shells on different crystal faces of the Au nanorods. The growth of the Ag shells along the transverse direction of (110) faces was faster than that in the longitudinal direction [28] . Therefore the Ag shells were thicker at the sides, leading to a decrease in the aspect ratios of the coreshell nanorods [28, 29] .
For preparation of the stretchable SERS substrate, the (Au core)−(Ag shell) nanorods were first deposited onto a glass slide or silicon substrate with a 300 nm oxide layer (SiO 2 /Si) and then conjugated to the surface of the PDMS elastomer using a transferred procedure [30] . Briefly, a cover glass slide or SiO 2 /Si substrate was first immersed carefully in aqua regia for 1 h. Thereafter it was rinsed with deionized water and underwent an ultrasonic bath in deionized water for 30 min For deposition of the nanorods, 2 mL of the (Au core) −(Ag shell) nanorod sample with plasmon wavelength of 630 nm was centrifuged twice to remove the CTAB and then redispersed into deionized water at the same volume. The CTAB concentration in the final colloidal nanorod solution was estimated to be ∼2 μM. The glass slide or SiO 2 /Si substrate was then immersed in the nanorod solution and incubated overnight to allow for the adsorption of the nanorods ( figure 2(a) ) [31] . After the (Au core)−(Ag shell) nanorods have been adsorbed onto the glass slide, O 2 plasma (2 min, 18 W, Harrick Scientific, PDC-32G) was utilized to treat the substrate and remove the residual CTAB from the nanorods. The glass slide or SiO 2 /Si substrate was then immersed in a 1% toluene solution of OTS and kept at 55°C for 24 h ( figure 2(b) ). Afterwards, a mixture of Sylgard 184 elastomer and curing agent (w/w=10:1) was poured onto the glass slide or SiO 2 /Si and heated at 65°C for 12 h ( figure 2(c) ). After curing, the (Au core)-(Ag shell) nanorods were successfully conjugated onto the surface of the PDMS by simply peeling off the elastomer from the glass slide or SiO 2 /Si ( figure 2(d) and (e) ). The resulting substrate was highly stretchable and readily used for Raman characterizations ( figure 2(f) ).
For SERS activity it is very important for the stretchable substrate to exhibit well-defined plasmonic resonances, which means that the core-shell nanorod should have a dispersive distribution onto the PDMS elastomer without aggregation. Under these circumstances, the plasmon resonances of the nanorods can be maintained. The preparation processes for the stretchable substrate described in figure 2 can fulfill this requirement. As shown in figure 3(a) , the (Au core)-(Ag shell) nanorods have a uniform distribution on the SiO 2 /Si substrate. The nanorod density is 30±3/μm 2 , with an average separation between the nanorods of 111±7 nm ( figure S2, supporting information) . Plasmon coupling between adjacent nanorods can be avoided due to the relatively large separations (>50 nm) between adjacent nanorods. Due to the intact transferring process ( figure 2(c) and (d) ), the nanorods retained their dispersive distributions on the PDMS (figure S3, supporting information). As a result, the hybrid stretchable substrate can exhibit well-defined plasmonic resonances similar to those of the freestanding core-shell nanorods. Figure 3(b) shows the comparison of the extinction spectra of the hybrid substrate and (Au core)-(Ag shell) nanorods deposited onto the glass slide. The plasmon spectra of these two samples showed similar profiles, with that of the hybrid substrate redshifted from 525 to 611 nm. The redshift was due to an increase of the refractive index for nanorods conjugated onto the PDMS elastomer. The PDMS substrate exhibits a refractive index of 1.40, which is slightly smaller than that of the glass (n=1.55). When an individual nanorod was deposited onto the glass, only one facet in six was in contact with the glass surface. The other five facets faced the air. Therefore, the effective refractive index felt by the nanorod was around 1.09
1.09 . , the large refractive index increment of 0.24 can lead to a plasmon redshift of ∼70 nm. This calculated value is close to our experimental value (∼86 nm). Note also that the plasmon resonance is broadened for nanorods conjugated with the PDMS substrate. We believe this is due to the additional plasmon damping induced by electron scattering at the interfaces between the nanorods and the PDMS matrix. Conjugation of the nanorods with the PDMS will introduce more interfaces between the nanorod and the PDMS matrix, which do not exist for nanorods deposited onto the glass substrate.
4-MBT molecules were utilized as probe molecules for evaluating the SERS activity of the prepared hybrid stretchable substrate. The 4-MBT molecules were able to form a well-defined monolayer on the surface of noble metals due to their thiol group [33] . Furthermore, they exhibit clear molecular fingerprints in 400-2000 cm -1 on their Raman spectra. Both of these properties were crucial for precisely estimating the Raman enhancement factor (EF) of a SERS substrate. Figure 3 (c) shows the comparison of the Raman spectra recorded from the 4-MBT molecules in powder form and adsorbed onto the hybrid substrate. The phenyl ring-breathing mode at 1080 cm -1 (7a vibrational mode) and phenyl ringstretching mode (8a vibrational mode) at 1595 cm -1 can be clearly resolved in the two Raman spectra [34] . In addition, for molecules adsorbed onto the hybrid substrate, two more peaks, at 1378 and 1487 cm -1 , were observed. These two Raman bands are the intrinsic Raman modes of the 4-MBT molecules, which can be assigned to the in-plane phenyl ring vibrations [35] . Due to the very small Raman scattering cross sections of these two modes, they usually cannot be observed in ordinary Raman spectra collected from 4-MBT powder samples or solution samples [36] . However, if the molecules were adsorbed onto the (Au core)-(Ag shell) nanorods, the electric field enhancement induced by the plasmon resonance of the nanorods could strongly enhance the vibration amplitudes of these two Raman modes. As a result, they became active in the Raman spectra collected from the hybrid PDMS SERS substrate. Our finding is consistent with previous studies using Ag nanocubes [33, 35] .
On the basis of the experimental measurements, we calculated the EF of the stretchable SERS substrate by referring to the 1595 cm -1 mode using the following equation [34, 35] band for the normal (measured on the 4-MBT powder) and SERS (measured on hybrid PDMS substrate adsorbed with the 4-MBT monolayer) spectra, N Raman is the number of molecules probed for a normal Raman scattering, and N SERS is the number of molecules probed on the SERS substrate, i.e. molecules adsorbed onto the (Au core)-(Ag shell) nanorods. In our calculations we employed the area intensity of the ) and thickness (0.5 nm) of the molecules [35, 36] . For determining N SERS , the 4-MBT molecules were approximated to be adsorbed as a monolayer onto the nanorods. Once the total surface area of the nanorods within a laser spot, S, was determined, N SERS could be obtained by dividing S by the footprint of the molecule. S could be calculated by timing the nanorod number with the surface area of an individual nanorod. The nanorod number within the laser spot was estimated according to the nanorod density and spot size of the incidence laser (diameter ∼1 μm), which was ∼24. We took into account all six facets of the nanorod, which caused an underestimation of the EF because for the hybrid substrate parts of the nanorods were immersed in the PDMS. These parts were not adsorbed with the molecules and therefore did not contribute to the EF. In calculating the surface area of an individual nanorod, it was modeled as a block with longitudinal and transverse lengths of 81 nm and 40 nm, respectively. Taking all these together, the EF was calculated to be 5.7×10 7 , indicating an efficient Raman enhancement of the stretchable hybrid substrate. The EF was nearly one order of magnitude larger than those of the SERS substrates with Ag nanocubes [34, 35] , which we believe was due to the larger electric field enhancements induced by the elongated (Au core)-(Ag shell) nanorods.
The hybrid substrate exhibited excellent malleability and can be bent back and forth without any breakdown ( figure 4(a) ). To demonstrate the tunability of the plasmonic resonances of the hybrid substrate, we employed a homemade hysteresis-free translation stage outfitted with a fine stepper ( figure 4(b) ). By placing the substrate between the two arms of the stage and screwing the stepper, compression or stretching force can be applied to the PDMS elastomer, whereby the hybrid PDMS substrate will undergo deformation. The applied force was kept small to avoid any bending or breakage of the PDMS. In such a manner, the conjugated (Au core)-(Ag shell) nanorods moved along with the deformation of the PDMS, and therefore the separations between different nanorods could be modulated accordingly ( figure S4, supporting information) . The plasmon wavelengths as well as oscillating strengths can then be tailored by taking advantage of the plasmon coupling effects. As shown in figure 4(c) , for a stepper movement of 6.4 mm, the extinction maximum of the hybrid substrate was redshifted from 590 to 611 nm, which was close to the excitation laser (633 nm) during the Raman characterizations. In addition, the maximum intensity of the extinction intensity was also increased accordingly. The force applied to the hybrid PDMS substrate can be calculated according to the tension coefficient of the PDMS (22.7 mN m −1 ) [37] , which was 0.14 mN.
Note that, in comparison with the spectrum shown in figure 3 (b) (red curve) above, the plasmon resonance for the hybrid PDMS substrate before squeezing was blueshifted by ∼40 nm. Such a discrepancy in the plasmon wavelength of the hybrid PDMS substrate is due to the different facilities used to obtain the spectra. The spectrum shown in figure 3(b) was measured by conventional UV/visible/near-infrared spectrophotometer (SHIMADZU). The spot size of the incidence light was about 5 mm. However, the spectrum shown in figure 4 (c) was obtained using a microspectrophotometer (CRAIC Technology) with an incidence spot size of 1-2 μm. Due to the small inhomogeneous distribution of the nanorods onto the PDMS substrate (in terms of both the nanorod sizes and their separations), the extinction should vary at different locations of the sample. Measurements using a large spot size will show greater inhomogeneity. Therefore the spectra recorded using the conventional spectrophotometer and microspectrophotometer will be different, giving rise to the discrepancy between the spectra shown in figures 3(b) and 4(c) for the same hybrid PDMS substrate. We then compared the Raman spectra of the 4-MBT molecules from the hybrid substrates at normal state and under compression. As shown in figure 4(d) , the Raman bands between 1100 and 1600 cm −1 of the 4-MBT molecules showed up when the substrate was compressed, whereas such bands could not be observed when the substrate was in its normal state. The increase of the intensity at the 1080 cm band is by about a factor of 1.5. This enhancement effect arose from bringing the plasmon wavelength of the substrate close to that of the incidence laser via compression. Note that the 1.5-times additional enhancement is lower than the expected value, which should be at least an order of magnitude higher. We believe that there are two reasons for this relatively low enhancement. First, previous studies have shown that the maximum enhancement of the Raman scattering intensity happens when the plasmon wavelength is located between the excitation laser wavelength and the vibrational shifted Raman wavelength [38, 39] . This phenomenon has been understood as resulting from a compromise between the excitation and emission enhancements. In our study, the plasmon wavelength of the flexible substrate after compression was 611 nm, which was at the blue side of the laser wavelength. Therefore the enhancement of the Stokes line of the 4-MBT molecules was not as large as expected. Another reason for the relatively low enhancement is that only the molecules located within the gaps between two nanorods, where the electromagnetic field enhancements are largest, can experience the additional enhancement from the plasmon coupling.
On the other hand, when the pressed substrate was released, the maximum extinction intensity was reduced to that of the substrate in the normal state ( figure 4(c) ). As a result, the Raman spectrum of the 4-MBT returned to that of the normal-state substrate ( figure 4(d) ). Note that for the released substrate the plasmon resonance was not blueshifted back to the original position. This discrepancy was probably due to the immersion of the nanorods in the PDMS during the compression process. When the nanorods were completely wrapped by the PDMS, their experienced refractive index was higher than that of the nanorods conjugated onto the original PDMS elastomer, where parts of the nanorod surfaces were exposed to air. It is very difficult for us to provide direct evidence for such speculation because characterization of the morphology of the nanorods conjugated onto the PDMS substrate is challenging. Currently we can only provide indirect evidence, by comparing the SEM images of the hybrid substrate after one cycle of compression and release. As shown in figure S5 (supporting information), in comparison with the image of the substrate at the initial state, the image for the released substrate exhibited a worse contrast and lower signal-to-noise ratio. This decline is caused by the decrease of the electrical conductivity of the hybrid substrate, which we believe is due to the immersion of the nanorods in the PDMS during the compression. In this circumstance, the exposed surface is pure insulating PDMS, giving rise to fewer backscattering electrons from the surface and therefore low image quality. Another piece of indirect evidence is the extinction spectrum of the flexible plasmonic substrate during another round of deformation. As shown in figure S6 (supporting information), the plasmon resonance showed redshift behavior with simultaneous enhanced extinction intensity when the substrate was compressed. When the substrate was released gradually, the extinction spectrum then recovered to that of the initial state. After the first cycle of compression and release, the nanorods were immersed in the PDMS and fixed by the matrix. Therefore in the following stretching cycle, the nanorods will not move within the PDMS, giving rise to the full recovery of the extinction spectrum after release.
We have also validated the universality of the SERS activity of the hybrid PDMS substrate by using different types of probing molecules. For these measurements, the substrates were carefully immersed in the dye solutions with various molecular concentrations. We prolonged the incubation period to guarantee the uniform adsorption of the dyes onto the substrates. After the incubation the substrates were taken out of the dye solutions and washed carefully using ethanol to remove excess molecules that were not adsorbed onto the substrates. A 633 nm laser was utilized as the excitation source. The Raman spectra of rhodamine 6G (R6G) and methylene blue (MB) molecules with different concentrations adsorbed on the hybrid substrate are shown in figures 5(a) and (b). The molecular concentrations were varied from 1×10 -7 to 1×10
-13 M for both R6G and MB. The Raman spectra collected from the molecules adsorbed onto the blank PDMS substrate were also given for reference, which showed no Raman bands at the highest molecular concentrations. On the contrary, the hybrid PDMS substrate exhibited excellent Raman enhancements for both molecules, where characteristic Raman bands can even persist when the molecular concentrations are as low as 1×10 -13 M. On the basis of these measurements, we constructed the calibration curves of the SERS intensity depending on the molecular concentrations of R6G and MB, respectively (figure S7, supporting information). For the R6G and MB molecules, the calibrations were done according to the Raman mode at 1648 cm -1 and 1626 cm -1 , respectively. Raman spectra of molecules adsorbed onto the blank PDMS substrate with 10 -7 M were employed as the reference. The calibrations were referred to the quantity R, which was defined by dividing the Raman intensity of various molecular concentrations by the reference. From the calibration curves, one can judge that the detection limits of the hybrid PDMS SERS substrate for R6G and MB molecules are 1×10 -13 M. Such a high Raman sensitivity is even better than those of some SERS substrates proposed in recent studies, where large-area aligned Ag nanowire films or periodic structured Ag-nanoparticle films were utilized [40, 41] .
Conclusions
In summary, we have proposed a highly stretchable hybrid substrate composed of PDMS elastomer conjugated with (Au core)-(Ag shell) nanorods. By compressing via external mechanical force to reduce the separation between the nanorods, the Raman enhancement factor can be increased. It is worth noting that the fast tunable SERS active performance shown here cannot be easily achieved by conventional materials. We believe that the proposed hybrid substrate can pave the way for the design and fabrication of flexible and tunable platforms for surface-enhanced spectroscopies that will be widely utilized in future medical and biological sensing technologies.
